Purpose: To evaluate the clinical outcomes of balanced deep lateral and medial orbital wall decompression and to estimate surgical effects using computed tomography (CT) images in Korean patients with thyroid-associated ophthalmopathy (TAO). Methods: Retrospective chart review was conducted in TAO patients with exophthalmos who underwent balanced deep lateral and medial orbital wall decompression. Exophthalmos was measured preoperatively and postoperatively at 1 and 3 months. Postoperative complications were evaluated in all study periods. In addition, decompressed bone volume was estimated using CT images. Thereafter, decompression volume in each decompressed orbital wall was analyzed to evaluate the surgical effect and predictability. Results: Twenty-four patients (48 orbits) with an average age of 34.08 ± 7.03 years were evaluated. The mean preoperative and postoperative exophthalmos at 1 and 3 months was 18.91 ± 1.43, 15.10 ± 1.53, and 14.91 ± 1.49 mm, respectively. Bony decompression volume was 0.80 ± 0.29 cm 3 at the medial wall and 0.68 ± 0.23 cm 3 at the deep lateral wall. Postoperative complications included strabismus (one patient, 2.08%), upper eyelid fold change (four patients, 8.33%), and dysesthesia (four patients, 8.33%). Postsurgical exophthalmos reduction was more highly correlated with the deep lateral wall than the medial wall. Conclusions: In TAO patients with exophthalmos, balanced deep lateral and medial orbital wall decompression is a good surgical method with a low-risk of complications. In addition, deep lateral wall decompression has higher surgical predictability than medial wall decompression, as seen with CT analysis.
ical treatments conducted to prevent disease progression, including high-dose steroids and radiation therapy, disfiguring exophthalmos eventually develops in most cases of TAO.
Orbital decompression is a major method in the treatment of TAO with severe exophthalmos [5] . Bony decompression techniques, including lateral wall, inferomedial wall, balanced lateral and medial walls, or three-wall (medial, lateral, and inferior) techniques, have been introduced as principal treatments of TAO-related disfigured exophthalmos. However, conventional three-wall decompression has a relatively high incidence of postoperative diplopia [6] .
Unal et al. [6] and Graham et al. [7] suggested balanced orbital decompression as a viable alternative to orbital three-wall decompression; the techniques provide comparable reduction of proptosis with low incidence of postoperative diplopia.
Recently, deep lateral orbital wall decompression has been reported as a good method of decompression due to its location immediately posterior to the globe and better retroplacement with lower risk of postoperative complications of diplopia, dysesthesia, and sinusitis [8, 9] . Although there are many reports on the outcomes of deep lateral orbital wall decompression, there are no reports about balanced deep lateral and medial orbital wall decompression in Korean patients. Thus, in this study, we performed balanced orbital decompressions with medial wall and deep lateral wall decompressions in Korean patients in order to determine the surgical outcomes and postoperative complications. In addition, we demonstrated the effect of each type of wall decompression by analyzing the postoperative expansion of orbital volume as measured in computed tomography (CT) images.
Materials and Methods

Patients
A retrospective chart review was conducted for all consecutive cases of TAO-associated exophthalmos surgically treated by a single surgeon (JKL) at Chung-Ang University Hospital between January 1, 2011 and December 31, 2013. The study protocol was approved by the institutional review board of Chung-Ang University Hospital (no.
C2014116[1312]).
We included 48 orbits from 24 patients that underwent balanced deep lateral and medial orbital decompression. Patients with medical history of orbital or eyelid inflammation, prior orbital surgery and/or trauma, re-operation, concomitant orbital strut removal, or prior history of orbital radiation were excluded. To ensure that the progression of TAO had ceased and to avoid active inflammatory periods, we delayed decompression surgery for more than 6 months in patients with clinical activity score less than 3 points and with prior history of medical steroid therapies within the past 6 months.
Preoperative exophthalmos was measured using Hertel exophthalmometry (Oculus, Arlington, WA, USA) at less than 2 weeks prior to orbital decompression and 1 and 3 months after surgery. Orbital CT scans (Philips Brilliance 256 Slice iCT; Philips Healthcare Systems, Andover, MA, USA) was conducted routinely in all enrolled patients at less than 2 weeks prior to orbital decompression and 3 months after surgery. Postoperative complications were recorded during the follow-up periods.
Surgical techniques
Decompression of the deep lateral orbital wall was performed through an eyelid crease incision. The greater wing of the sphenoid bone was removed, and additional removal of the anterior department of the inferior orbital fissure was performed in most patients. Medial orbital decompression was performed via a transcaruncular incision. After exposure of the medial wall immediately posterior to the posterior lacrimal crest, the wall was fractured, and an anterior and posterior ethmoidectomy was performed using Kerrison rongeurs and Takahashi forceps. The superior limit of the medial wall removal was the ethmoidal vessels, and the inferior limit included the ethmoid-maxillary bony strut.
Estimation of the decompressed volume of the orbital wall on computed tomography images CT imaging (bone window, 2.5-mm collimation) of all patients was performed on both axial and coronal planes. Orbital volume expansion after surgery was calculated using Image J software (National Institutes of Health, http://rsbweb.nih.gov/ij/) and was sorted into two groups: deep lateral orbital wall and medial orbital wall. The ex-panded area in each orbital slice was marked from the estimated preoperative wall border to the decompressed bony edge, and the marked areas were calculated with Image J software. The deep lateral wall was analyzed on axial CT planes, and medial walls were analyzed in the same manner on corneal planes. The summation of all areas (cm 2 ) multiplied by 0.25 cm was considered the expanded orbital volume (cm 3 ) in each orbital wall [10] .
Data analysis
Partial correlation analysis was used to compare decompression volume in the deep lateral wall and medial wall groups with exophthalmos reduction in order to determine area-adjusted surgical predictability. IBM SPSS ver. 19.0 (IBM Co., Armonk, NY, USA) was used for all statistical analyses, and a p-value less than 0.05 indicated statistical significance. The values shown represent the mean ± standard deviation.
Results
Forty-eight orbits from 24 patients underwent balanced deep lateral and medial wall decompression. Nineteen patients were women and five were men. The average follow-up period was 11.46 ± 6.55 months. The mean patient age was 34.08 ± 7.03 years. Patient demographics are summarized in Table 1 . The mean exophthalmos value decreased from a preoperative value of 18.91 ± 1.43 to 15.10 ± 1.53 and 14.91 ± 1.49 mm at postoperative 1 and 3 months, respectively (Fig. 1 ). The exophthalmic reduction was significant between the preoperative and postoperative 1 month time points, as well as the preoperative and postoperative 3 month time points ( p < 0.001, p < 0.001, respectively). Postoperative estimated decompression volumes are shown in Table 2 . The bony decompressed volume estimated by serial CT images was 0.68 ± 0.23 cm 3 in the deep lateral orbital wall and 0.80 ± 0.29 cm 3 in the medial orbital wall (Table 2) . With regard to postoperative complications, four patients experienced change of upper eyelid fold (upper eyelid crease height asymmetry and multiple folds), four patients had facial dysesthesia, and one patient had conjunctival granuloma (Table 3) . New onset strabismus was found in one patient (2 prism diopter esotropia, 7 prism diopter right hypertropia), but the issue resolved Values are presented as number (%) or mean ± standard deviation. spontaneously within 3 months. Horizontal ocular deviation (exophoria) was improved after surgery in all six affected patients.
In the partial correlation analysis, orbital volume expansion in deep lateral wall decompressions and medial wall decompressions were significantly correlated with exophthalmos reduction after surgery ( p = 0.002 and 0.011, respectively) ( Fig. 2A and 2B) . The partial correlation coefficient (partial R) of partial correlation analysis, or the correlational power between the amount of expanded decompression volume and exophthalmos reduction and consequent reflection of surgical predictability, was higher in deep lateral orbital wall decompression than medial orbital wall decompression (partial R = 0.487 and 0.402, respectively) (Fig. 2) .
Discussion
It is widely known that symmetric lateral and medial expansion of the orbit can balance shifting of the muscle cone, and balanced lateral and medial orbital wall decompression can reduce the incidence of postoperative diplopia [11] . In previous studies, however, the incidence of postoperative diplopia was reported to be as high as 30.7% to 33% after balanced lateral and medial wall orbital decompression [12, 13] . These rates of postoperative diplopia are not lower than those of other conventional orbital wall decompression methods. In the case of lateral orbital wall decompression, the removed lateral orbital wall is replaced with temporalis fascia, which is soft tissue, rather than a hard structure like the lateral orbital wall. Fayers et al. [14] reported that, after lateral orbital wall decompression, 35% of the patients had noted postoperative oscillopsia. They also reported larger lateral osteotomies as a risk factor of oscillopsia. Based on these findings, after lateral orbital wall decompression, intraorbital structures become more vulnerable to mechanical insult that causes functional and positional change in the extraocular muscles and eyeball. These can affect differences in the occurrence of diplopia between previous conventional balanced orbital decompression and our study, in which we performed deep lateral rather than lateral orbital wall decompression. Therefore, it is important to determine whether balanced lateral and medial wall orbital decompression should be performed and, if so, whether the deep lateral wall is an alternative decompression target.
In this study, our results showed a minimal occurrence of postoperative diplopia, which is a major advantage of the technique we used. Orbital strut was described in 1992 as an approximately 3-mm-thick strut of the orbit, which serves an important function in preventing post-decompression dystopia [15] . We maintained the orbital strut at the junction between the medial and inferior orbital walls during medial wall decompression. This was thought to reduce both inferomedial globe shifting and occurrence of diplopia. Furthermore, Ben Simon et al. [9] reported that deep lateral orbital wall decompression had no statistically A B significant influence on horizontal or vertical deviation. Also, we could perform decompression surgery with orbital strut preservation because the exophthalmos of the subjects was moderate (range, 17 to 21 mm). However, the orbital strut is not always easy to preserve and might be sacrificed when further volume expansion is necessary. Wu et al. [16] reported orbital fat decompression only with relatively low occurrence of postoperative diplopia. Therefore, if additional reduction of proptosis is needed, adjunctive fatty decompression will be a good alternative instead of removal of the orbital strut in order to avoid occurrence of postoperative diplopia.
Although CT-based measurement of decompressed orbital volume at the deep lateral wall (0.68 ± 0.23 cm 3 ) produced a lower value than that of the medial wall (0.80 ± 0.29 cm 3 ) ( Table 2) , volume-adjusted correlations on the partial correlation analysis (partial R) between exophthalmos reduction and expanded decompression volume were higher in deep lateral decompression than in medial decompression (partial R = 0.487 and 0.402, respectively) (Fig. 2) . The differences in surgical predictability specific to the target wall of decompression are possibly due to the location of each wall. The deep lateral wall is located immediately posterior to the globe; because of this, its removal allows for better retroplacement of the globe compared to that of medial orbital wall decompression [17, 18] . On the other hand, the medial orbital wall is positioned on the lateral aspect of the orbital tissue, so medial orbital wall decompression has relatively less efficiency on direct retroplacement of the eyeball compared with deep lateral orbital wall decompression. In the present study, decompression volume-adjusted exophthalmos reduction was better correlated with decompression volume in the deep lateral wall as opposed to the medial wall, which is consistent with our previous study [10] . However, the benefits of bone decompression of the deep lateral wall are limited by the naturally smaller bone volume to decompress and individual anatomical differences of the deep lateral orbital wall compared with those of the medial wall. Thus, surgeons should take into account both surgical predictability and surgical efficiency when considering balanced deep lateral wall and medial wall decompression and should balance the decompression volume of each wall relative to the preoperative exophthalmos levels.
Prior volumetric studies using CT analysis have centered on defining normative data of the orbital bony structure [18, 19] . Another study using CT analysis to determine the surgical effect of orbital decompression was based not on orbital bony decompression, but on orbital fat decompression [20] . Alsuhaibani et al. [21] performed volumetric studies using CT scans with balanced orbital decompression. They showed that medial orbital wall decompression more highly affects orbital content expansion than does lateral wall decompression. This result supports our study; however, one difference was that the authors focused on orbital volume and eye position changes rather than surgical predictability and effects. Also, the difference in estimated volume of the medial wall might be caused by differences in the method used to estimate volume. Alsuhaibani et al. [21] used computer software that presumes the volume using a 3D reconstruction method. In contrast, we analyzed collimated CT images with Image J software in order to estimate bony decompression volume. There has been no study comparing surgical effect and predictability in balanced orbital decompression based on quantitative CT analysis. Our study exclusively represents analysis of decompression volume with exophthalmic reduction and its predictability in balanced deep lateral and medial orbital decompression.
Previously, Goldberg et al. [18] introduced three areas of deep bone in the lateral orbit as possible targets of lateral orbital decompression: the lacrimal keyhole, the orbital door jamb, and the basin of the inferior orbital fissure. Our surgical target of deep lateral orbital wall decompression corresponded to the orbital door jamb, with exception of the area of lateral orbital rim. The average volume of the orbital door jamb measured by Goldberg et al. [18] in a Western population was 2.9 cm 3 . In contrast, in our study, the average decompressed volume of the identical counterpart was 0.68 cm 3 . These differences can be explained in several ways. First, Goldberg measured the volume of orbital wall before decompression surgery. Such an approach was idealized for practical purposes, but it would be difficult to remove all of the bony volume of the orbital wall. Second, Goldberg included the lateral orbit rim area when measuring the volume of the orbital door jamb. However, in our study, the lateral orbital rim was preserved. Lefebvre and Yoon [22] recently reported no significant differences in volume of the sphenoid trigone between racial groups, with anaverage volume of 1.97 and 1.39 cm 3 in Asian men and women, respectively. In the present study, the proportion of female patients was 79.2%, and almost half of the deep lateral orbital wall volume was decompressed. This is similar to the estimated volume after balanced orbital decompression reported by Alsuhaibani et al. [21] . There are some limitations to this study. When performing quantitative CT analysis, we used Image J software, which can introduce intraobserver and interobserver variation. In order to minimize this variation, all parameters were measured three times by three different ophthalmologists and the nine total measurements were averaged. Other limitations of this study are its relatively small sample size and retrospective study design. Further studies with larger sample sizes will be needed to confirm our findings on balanced deep lateral and medial orbital wall decompression.
In conclusion, balanced deep lateral and medial orbital wall decompression is a safe and effective surgical method in patients with TAO and disfiguring exophthalmos. The method has beneficial results, including prevention of postoperative diplopia and significant reduction of exophthalmos levels. According to our quantitative CT analysis, the ophthalmologist can predict surgical effects of balanced deep lateral and medial orbital wall decompression. Furthermore, these results provide information that will help during preoperative counseling and surgical decision-making.
